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Experiments that characterize and develop a high energy-density half-hohlraum platform for use in bench-
marking radiation hydrodynamics models have been conducted at the National Ignition Facility (NIF). Re-
sults from the experiments are used to quantitatively compare with simulations of the radiation transported
through an evolving plasma density structure, colloquially known as an N-wave. A half-hohlraum is heated
by 80 NIF beams to a temperature of 240 eV. This creates a subsonic diffusive Marshak wave which prop-
agates into a high atomic number Ta2O5 aerogel. The subsequent radiation transport through the aerogel
and through slots cut into the aerogel layer is investigated. We describe a set of experiments that test the
hohlraum performance and report on a range of x-ray measurements that absolutely quantify the energetics
and radiation partition inside the target.

Keywords: Hohlraums, x-ray

I. INTRODUCTION

Understanding the radiation transport mechanisms
and plasma dynamics in high-Z hohlraums is an impor-
tant area of research owing to their use in many high
energy-density laser experiments to create a Planckian
soft x-ray radiation spectrum for use in driving a range
of other physics experiments.1 The conversion of laser en-
ergy into x-rays, despite the detrimental effects of conver-
sion efficiency, considerably improves the uniformity with
which a physics experiment can be heated and reduces
the effect of high-energy particles produced in the laser-
plasma interaction. The direct illumination of a high-
Z hohlraum material by intense laser radiation (I∼1014-
1015 Wcm−2) results in the rapid ionization and heat-
ing of material. The expansion of this plasma over a
typical ns-duration laser pulse causes a long scale-length
plasma interaction wherein inverse bremsstrahlung heat-
ing causes laser energy to be absorbed leading up to the
critical surface. The high-temperature thin, plasma layer
created by this interaction re-emits x-radiation into the
hohlraum cavity, which is in majority captured and re-
absorbed owing to the geometry of the hohlraum. The
many re-absorption and emission events of photons tran-
siting the hohlraum, evenly re-distribute the laser energy
into the plasma and radiation field and set the hohlraum
radiation temperature.

In addition to creating a thermal plasma inside the
cavity, energy from the high temperature interaction re-
gion is transported diffusively into the cool, high-density
hohlraum wall or other physics package creating a steep

a)Electronic mail: alastair.moore@physics.org

heat front. Application of the diffusion equation to this
problem, under conditions of constant or power-law de-
pendent temperature, yields an analytically approach-
able self-similar solution, which describes the shape and
propagation characteristics of this radiative heat- or Mar-
shak wave.2 Such a mathematical description is not only
readily applicable to hohlraums, but has relevance in
other astrophysical situations including star-forming re-
gions of cool, dense nebulae that are heated by neigh-
boring stars.3 Even with the vast distances involved in
such astrophysical phenomena, the photon scale-length in
these more dense regions of gas and dust lead to regions
in which the radiation transport is effectively diffusive.4,5

One such region is the dense Southern Pillars of the Ca-
rina Nebule where a number of very hot early-type stars
illuminate non-uniform gas regions creating diffusive heat
waves and shocks.6 Laboratory experiments provide a
unique and controlled way to investigate this problem
and validate simulations in a way that is relevant to as-
trophysical observations.

To study these phenomena we heat a simple cylindri-
cal half-hohlraum through a laser entrance hole (LEH) at
one end and cover the opposite end with a high-Z Ta2O5

aerogel. We diagnose the energetics of the plasma cre-
ated inside the half-hohlraum through measurement of
the absolute flux and spatial distribution of x-rays emit-
ted through the LEH. By introducing slots into the aero-
gel layer we enable the study of energy transport through
a radiatively diffusive plasma. When slots are cut into
the aerogel, energy initially “free-streams out from the
hohlraum through the open area and wall material from
inside the slot is ablated causing the slot to fill with
plasma. If this is allowed to evolve for sufficient time (sev-
eral ns) then the ablated material stagnates and sufficient
density fills the slot that the radiation from the hohlraum
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FIG. 1. Laser driven half-hohlraum and calorimeter halfraum
target design. 30◦ laser beams are shown in purple, 44.5◦ in
blue and 50◦in light blue.

must diffuse through a number of optical depths (∼10) to
escape. An outward propagating shock propagates into
the side of the slot creating a density structure that has
been called an N-wave by some due to its resemblance to
the letter “N”.7,8 In parallel to the energetics measure-
ments presented here radiographic measurements of the
shape of this density structure have been presented by
Cooper et al..

II. EXPERIMENT DESIGN

In this paper we report on the first half-hohlraum or
halfraum experiments to be heated using >100 kJ of 351
nm laser energy on the National Ignition Facility.10 The
Au vacuum hohlraum had an inside diameter of 5.00 mm,
was 3.85 mm in length, with a 4.00 mm laser entrance
hole (LEH) and 50 µm wall thickness as shown in figure
1.

For measurements of the shock and Marshak wave
propagation, a 150 µm thick, high-Z, nominally 500
mg/cc Ta2O5 aerogel covered the full aperture of the hal-
fraum at the opposite end to the LEH. Experiments that
studied energy transport through slots cut into the aero-
gel layer use a calorimeter halfraum attached above the
aerogel layer to capture energy that flows through the
slots. In these experiments a 200 µm thick aerogel cov-
ered the whole aperture, and 200 or 400 µm wide slots
were cut into the aerogel either in an annular pattern
with three supporting spokes or in a double “Y” pattern
(see Fig. ?? below). The calorimeter halfraum extended
2.00 mm beyond the undriven side of the aerogel, was
4.00 mm diameter with a 2.5 mm diagnostic hole and
the Au wall thickness was 25 µm.

The Ta2O5 aerogel was produced via a sol-gel pro-

cess that involves the hydrolysis of tantalum ethoxide
[Ta(OC2H5)5] in an ethanol solution.11 This method re-
sults in a porous structure with a characteristic grain size
between 2 and 50 nm.12 Accurate interpretation of the
experimental data is critically reliant on knowledge of
the Ta pentoxide aerogel under ‘as-shot’ conditions, and
so the aerogel density and residual water content was
characterized through gravimetric measurement and x-
ray transmission measurements of machined aerogel bil-
lets.

X-ray transmission measurements using a
Brehmsstrahlung, source (5-50 keV) with an Xra-
dia MicroXCT system were carried out on all aerogel
components prior to assembly into the hohlraum to
quantify the density and uniformity of the Ta2O5

aerogel.13 Figure 2 shows the x-ray image of an aerogel
with an annular slot (right) with three solid density Ta
reference foils of thickness 1) 6.54 ± 0.02µm, 2) 4.93
± 0.03 µm, and 3) 4.06 ± 0.02 µm to span the range
of effective Ta thickness of the 500 mg/cc aerogel. The
reference foils were independently calibrated between
4-6 keV using the National Synchrotron Light Source
(NSLS) beamline X8A to cross-calibrate the thickness
measurement.14

Adsorption of water molecules into the aerogel via both
chemi- and physi-sorption significantly affects the mate-
rial equation of state since the water molecules represent
an additional energy sink. To quantify this each aerogel
batch was characterized via two processes. Physisorption
of water molecules results in a very weak (<0.5 eV) bond
to Ta2O5 and so can be measured as a reduction in sam-
ple mass as the aerogel is put under vacuum. An average
mass reduction of 2.2% (±0.5%) was found for all 22
aerogel batches measured. Secondly, elemental compo-
sition analysis performed under vacuum is used to mea-
sure the water molecules that remain in the sample under
vacuum due to chemisorption. These results showed be-
tween 1 and 1.5 H2O molecules for every Ta2O5 molecule
remained after evacuating the sample. Consequently the
chemisorbed mass of water present in the Ta2O5 aerogel
under the ‘as-shot conditions is 4.4% (± 1.7%). Using
these measurements to calculate the cold opacity of the
aerogel and water together with the Xradia calibrations
and knowledge of the aerogel thickness, the density is
measured to ± 5 mg/cc.

The target was held in the NIF target chamber with a
stalk designed to reduce background x-ray emission due
to the remnant 1053 nm and 527 nm unconverted light
that propagates into the NIF chamber. On all shots the
target was aligned vertically to ±0.5◦, so that the cen-
ter of the LEH was at the center of the target chamber
to within ±30 µm. Three cones of 351 nm laser beams
that originated from the lower hemisphere of the cham-
ber at 30◦, 44.5◦ and 50◦ to the vertical axis irradiated
the hohlraum. The 44.5◦ and 50◦ beams were pointed
and focused to the center of the LEH and the 30◦ beams
were focused in the LEH plane and pointed radially 0.98
mm from the hohlraum axis at their respective azimuthal
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FIG. 2. Xradia image of Ta2O5 aerogel prior to assembly with
hohlraum, with Ta reference foils of thickness: 1: 6.54 µm, 2:
4.93 µm, 3: 4.06 µm.

FIG. 3. Requested laser power (black) and laser power deliv-
ered to the half-hohlraum on 13 shots. The power is divided
between the 80 NIF beams totaling 370 kJ.

angles (see Fig 1).

For initial shots a total of 240 kJ was delivered to the
target by 80 laser beams in an 9 ns ramped laser pulse.
40% of the energy was delivered by each of the 44.5◦ and
50◦ cones, which each contain 32 beams in 8 quads; the
16 beams in the 30◦ cone delivered the remaining 20%.
Later shots extended the length of the laser pulse to 12
ns so that the Marshak wave burned through the 200
µm of aerogel while the laser pulse was still heating the

hohlraum. This is shown in Figure 3, and this increased
the total laser energy to 370 kJ. The laser energy from
each quad was measured to ±2% accuracy. For all the
experiments described, continuous phase plates (CPP’s)
were used to smooth the focal spot of each beam. In ad-
dition the 44.5◦ and 50◦ cones were smoothed by spectral
dispersion at 45 GHz, and polarisation smoothing.16 Fig-
ure 3 illustrates the excellent shot-to-shot reproducibility
of the laser pulse from thirteen shots together with the
12 ns requested pulse shape.

National Ignition Campaign CPP’s (rev1 and rev 1a)
were fielded in each of the different cones resulting in a
spread of focal spot sizes. At best focus in the LEH plane
the four beams from each quad overlap creating a spot
with intensity of 1.6, 4.5 and 5.2 x 1014 Wcm−2 from
the 30◦, 44.5◦ and 50◦ cones respectively. The peak laser
intensity incident on the Au hohlraum wall was 1.6 x 1014

Wcm−2. The laser power is divided between the 64 outer
cone (44.5◦ and 50◦) beams and the 16 inner cone (30◦)
beams such that the peak power on the inner cone beams
is 90% of that on the outer cones. This slightly reduces
the probability of significant energy clipping the edge of
the hohlraum LEH, which is further reduced by removing
SSD from the inner cone beams so that the focal spot size
at the LEH is also reduced.

The half-hohlraum x-radiation that drives the radia-
tion front into the Ta2O5 aerogel was measured using
two techniques: 1) The x-ray power emitted from the
hohlraum LEH was measured using a multi-channel soft
x-ray power diagnostic Dante; this will be discussed in
section III, 2) the velocity of a shock driven into an
Al/Quartz sample that replaced the aerogel enabled the
pressure history at the halfraum/aerogel plane to be di-
rectly measured; this is discussed elsewhere by Park et
al.17 The x-ray energy transported through slots cut into
the aerogel is characterized by measuring the tempera-
ture of the calorimeter halfraum and is described in sec-
tion V.

III. HALFRAUM LEH X-RAY MEASUREMENTS

On all experiments an eighteen-channel soft x-ray
power diagnostic Dante was used to measure the spec-
trum of x-rays emitted from the laser entrance hole.18,19

The Dante diagnostic measures the time-dependent x-ray
emission over a range of photon energies from 50 eV to
20 keV. Each x-ray diode is filtered to measure a separate
spectral region and is absolutely calibrated resulting in a
10% absolute error in x-ray flux for each diode depending
on the x-ray photon energy range. 5% is attributed to
statistical uncertainty in the measurement.

By combining multiple measurements at different pho-
ton energies to calculate the total x-ray flux, the resulting
uncertainty in the absolute x-ray flux is reduced to 5%.
If translated into a planckian radiation temperature this
represents a 1σ uncertainty of 1.25%. One Dante fielded
on the NIF is located at (θ − φ) = (143◦-274◦), looking
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FIG. 4. Unfolded spectrum vs. time of x-ray emission from
the half-hohlraum LEH measured by Dante 143◦-274◦ for shot
N110221-002-999. The spectrum at the time of peak flux is
shown in white and is plotted on the left-hand axis.

into the LEH at 37◦ from the z-axis, a second is located
at (64◦-350◦) in the upper hemisphere.

Two methods are used to calculate the x-ray flux emit-
ted from the LEH: an iterative unfold and a matrix in-
version algorithm. The iterative unfold code “UNSPEC”
modifies an initial best-fit planckian spectrum using a
series of Gaussian shapes representative of the spectral
response function of the different x-ray diode diagnos-
tic channels to best match the voltages measured by
each of the x-ray diodes. The matrix inversion algo-
rithm searches for the minimum basis set spectrum that
matches the measured channel voltages within the error
bars of each channel.20 Figure 4 shows the spectrum pre-
dicted by the unfolding algorithm as a function of time
(2D image) and at the time of peak emission (white line
overlay). Both methods predict the voltages measured
on each spectral channel of the diagnostic to within the
error bars of each individual measurement, so have equal
statistical significance, and as can be seen in Figure 5,
the x-ray flux history calculated by both methods agree
within the 1σ = 5% error bars.

Figure 5(a) shows the total x-ray flux emitted through
the LEH into the Dante diagnostic on a single shot
(N110221-002-999) with post-shot simulations post-
processed to calculate the Dante 143◦-274◦ flux from
the radiation hydrocodes LASNEX and NYM.21,22 Fig-
ure 5(b) shows the x-ray flux history for photon energies
greater than 1.8 keV. This is a useful comparison for Au
hohlraums because in addition to the Planckian tail it
measures the M-band emission (2.3-3.3 keV) that is pro-
duced by the direct heating of Au by the laser spots on
the hohlraum wall and the stagnation formed by the col-

FIG. 5. (a) Total x-ray flux emitted from the half-hohlraum
LEH measured by Dante 143◦-274◦, compared to simulations
using NYM and LASNEX. (b) X-ray flux for photon ener-
gies >1.8 keV. DR: Dielectronic recombination; AI: auto-
ionisation. The 5% absolute measurement error bars are
shown on the UNSPEC unfold data.

liding Au plasma on the hohlraum axis; this can be seen
in the spectrum in Figure 4

The M-band photons, having a greater mean free path,
typically do not fully thermalize with the rest of the
plasma and so this is a useful way to distinguish the
performance of the simulations in calculating both the
thermal and non-thermal spectral components.

The NYM simulations in Figure 5 are performed with
and without dielectronic recombination (DR), and with
an artificially open LEH, in which the Au cells at the LEH
in the simulation are not allowed to move or expand into
the open area of the LEH and block radiation emitted
inside the hohlraum. Autoionization (AI) and DR can
play an important role in calculating the atomic radiation
processes involved with electron-ion collisions. AI reso-
nant states can in particular contribute indirectly to the
rates of excitation, ionization, and recombination which
will affect the emitted radiation field.23 The resonant DR
process, in which an intermediate doubly-excited atomic
state modifies the emitted photon energy from that of
normal radiative recombination, plays an important role
in determining the charge state balance, especially in
non-hydrogenic systems, and so also has the ability to
modify the emission spectrum from a hohlraum. These
processes play a particularly important role in determin-
ing the balance between the thermal hohlraum emission
and higher energy M-band photon flux since they are
resonant processes that typically affect the detailed elec-
tronic configuration of the ions in the simulation.

The LASNEX simulations are performed using the de-
tailed configuration accounting (DCA) atomic physics
model which calculates the x-ray emission from many
tens of atomic energy levels for non-LTE Au and includes
both the DR and AI processes.24 As can be seen from Fig-
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ure 5 this also slightly underpredicts the total flux, and
overpredicts the Au M-band photon emission.

Comparing the total flux calculated by the NYM sim-
ulations in Figure 5(a), it is clear that the addition of DR
goes some way to improve the agreement with the data.
Interestingly, all the simulations at early time <5 ns are
in good agreement with what is measured, and capture
the rate of increase of the x-ray emission within the mea-
sured 1σ error bars. However, when the gradient of the
laser pulse shape changes at 5 ns, the different simula-
tions diverge. The additional calculation of DR resonant
emission increases the total emitted flux by almost 0.5
TW/Sr at 8 ns, and to within 2σ of the data, but only
by artificially holding the LEH open is the best agreement
found. All the simulations over-predict the flux>1.8 keV,
shown in Figure 5(b), by between 200-300 GW/Sr at 8 ns,
considerably outside the 5-10% uncertainty in the mea-
surement of flux >1.8 keV. Interestingly this shows no
clear indication of changes to the higher-energy portion
of the spectrum between simulations with and without
DR within the noise of the simulation results.

Calculation of the internal hohlraum radiation temper-
ature Tr(t) from the x-ray flux measurements requires
knowledge of the source size, i.e. LEH diameter, as a
function of time:

Tr(t) =
k

e
4

√
f(t)

∫
S(t)g(Ω)dΩ

σπr(t)2cos(θ)
(1)

where Tr is the temperature in eV, S(t) is the measured
x-ray flux [W/Sr], g(Ω) is the angular distribution of the
emitted radiation, where dΩ is an element of slid angle
[Sr], r(t) is the source radius [m], f(t) is the fraction of
S(t) emitted within r(t), and θ the angle at which the
source is viewed (37◦). σ, k, and e are Stefan-Boltzmann
constant [W/m2/K4], Boltzmann constant [J/K] and el-
ementary charge [J/eV]. g(Ω) is typically assumed to be
constant in time, and here is considered to be Lambertian
since the hohlraum LEH is broadly equivalent to a uni-
formly emitting disc. In this case

∫
S(t)g(Ω)dΩ = πS(t).

To investigate the spatial profile of emission within the
hohlraum time-integrated x-ray images of the LEH were
obtained using the lower NIF static x-ray imager (SXI-L)
located at (θ−φ) = (161◦-326◦).25 Consequently the SXI-
L view into the hohlraum, being 19◦ from the hohlraum
axis, is quite different to the 37◦ view of the Dante 143◦-
274◦. The SXI-L image shown inset in Figure 6, was
taken using a 2.0 magnification pinhole camera to im-
age the laser-hohlraum interaction at approx. 5.0 keV.
In National Ignition Campaign experiments described by
Schneider et al. by using a combination of a static soft
x-ray (800 eV) image and the hard x-ray image (∼ 5.0
keV), it has been shown that an estimation of the shot-to-
shot LEH closure can be obtained and used to correct the
gas-filled ignition hohlraum temperature.26,27 Compara-
tively the vacuum hohlraum we describe here has a very
different structure, and no soft-x-ray time-integrated im-

ages were available for this experiment. This image hav-
ing quite a shallow view into the hohlraum shows three
distinct bright regions of emission that result from the
interaction of three of the four 30◦ quads of four beams
with the Au hohlraum wall. In addition the somewhat
brighter stagnation region on axis with the hohlraum can
also be identified. Being time-integrated, the image is
weighted towards the time of brightest emission occuring
at the end of the laser-pulse. It is therefore also sub-
ject to movement in the interaction region between the
laser and Au hohlraum wall which simulations show have
moved radially inwards by 600 µm at 9 ns. Correction
of the image to account for the 19◦ view allows the cal-
culation of a radial average and comparison of this with
horizontal line-out shows that these overlap at a diameter
of 3.53 mm, shown by the white dashed line in the figure
inset. Using this as a measure of the LEH diameter at
the time of peak emission, the corrected Dante 143◦-274◦

peak temperature is calculated to be 236 ± 4 eV. Tr(t)
calculated using a diameter of 3.53mm is plotted in red in
Figure 6, and can be compared to the radiation temper-
ature calculated assuming that the LEH does not close
(blue) which peaks at 220 ± 3 eV. While this correction
is somewhat arbitrary in that the diameter of 3.53mm
cannot be accurately related to a specific “edge” of the
LEH, it is clearly a more accurate estimation of the inter-
nal hohlraum temperature than assuming the LEH does
not evolve at all; it is also quite limited by the time-
integrated and non-thermal (∼ 5.0 keV) spectral nature
of the SXI-L image.

To better constrain the hohlraum temperature an addi-
tional experiment was performed in which the hohlraum
was rotated 180◦ about the equatorial plane and heated
using the identical laser pulse delivered by the upper 30◦,
45◦ and 50◦ laser beams. Soft x-ray (<1 keV) time-gated
images were taken of the LEH towards the end of the laser
pulse using a gated x-ray detector in DIM 0◦-0◦ looking
directly down into the hohlraum perpendicular to the
plane of the LEH. Using the combination of a 3◦ Au mir-
ror and a light-tight 3.0 µm copper filter coated onto 1.0
µm parylene-N, the spectral response of the image was
restricted to an approximate Gaussian centered at 900
eV and with a full-width at half maximum of approx. 60
eV. This mirror-filter selection was combined with a 1.0x
magnification pinhole-camera that used 30 µm diameter
pinholes and was coupled to a gated x-ray detector with
resolution 45 µm forming an imaging system with a res-
olution of 75 µm.

Figure 7 shows the four images obtained of the LEH
between 4.9 and 9.9 ns. More than 91.8 ± 0.9% of the
emission was within the 4.0 mm diameter of the origi-
nal LEH at all of the times measured, however it can be
seen that the distribution of emission that is within the
4.0 mm diameter changes significantly. Circular overlays
of increasing size are shown on each figure representing
the diameter containing 25%, 50% and 75% of the total
emission. These discrete measurements are used to re-
calculate the radiation temperature in Equation 1 with
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FIG. 6. Hohlraum temperature interpreted from the Dante
143◦-274◦ measurements calculated with no LEH closure
(blue) and assuming an LEH of 3.53 mm based on the SXI-
L clear aperture (red). Measurements of the LEH diameter
containing 75% of the total emission are shown on the right-
hand axis, and the temperature corrected using the 25, 50 and
75% emission diameters vs. time are also plotted. A power-
law fit to the polynomial LEH model radiation temperature
Tr(t) = 125t0.27 is shown in grey. Inset: time-integrated SXI-
L image at ∼ 5.0 keV with 3.53mm clear aperture (CA) shown
in white.

f = 0.25, 0.5 and 0.75, at the four times shown in Fig-
ure 7. These are plotted in Figure 6 shown as blue, red
and orange points. At any point in time these three
corrections are in agreement since the largest standard
deviation of the temperatures is 1.5%, which is within
the 1.6-2.5% absolute uncertainty with which the tem-
perature can be calculated given the 5% uncertainty in
x-ray flux and 75 µm uncertainty in the measured diam-
eter. Examining the circle containing 75% of the total
emission, this decreases from a diameter of 3.51, to 3.45,
3.33 and finally 3.17 mm. If we assume a uniform ra-
dial distribution of emission at t = 0 ns, then the initial
75% diameter would be 3.46 mm, which when compared
with the measurement in Figure 7(a) implies that there
is little-to-no change in the emission size during the first
4.9 ns. Holding the initial diameter at 3.46 mm for the
first 5 ns (equivalent to 75% of the initial 4 mm diame-
ter) we fit a 2nd-order polynomial through the four data
points shown on the right-hand axis in Figure 6. Tr(t)
is calculated from equation 1 with r(t) from the polyno-
mial fit to the f=0.75 data and plotted in green. At the
time of peak temperature this correction is responsible

FIG. 7. Images of the emission through LEH at a photon en-
ergy of 900 eV at 4.92, 6.91, 97 and 9.91 ns. Circular overlays
of increasing size indicate the diameter containing 25%, 50%
and 75% of the emission. The largest circle represents the
initial 4.0 mm diameter of the LEH.

for an approx. 20 eV (∼ 9%) increase resulting in a peak
radiation temperature of 240 ± 4 eV. This is in relatively
close agreement with the SXI-L corrected temperature of
236 ± 4 eV, but it is clear that careful accounting of the
time-dependent, radial distribution of emission through
the hohlraum LEH is critical to a correct interpretation
of the hohlraum radiation temperature.

As discussed in section II, the laser pulse was de-
signed to create a radiation temperature that increased
as a power-law in time. Utilizing the measured time-
dependent LEH diameter to correct the radiation tem-
perature shows that the pulse shape does indeed create
such a power-law in time dependence as indicated by the
grey line Tr(t) = 125t0.27 in Figure 6.

Having calculated the internal hohlraum temperature
using the LEH emission data this can be compared to
the temperature calculated in the NYM and LASNEX
simulations that were discussed earlier. Figure 8 shows
the comparison of results from the same simulations as
shown in Figure 5(a). Both NYM and LASNEX simula-
tions bracket the radiation temperature calculated using
the 75% emission diameter in Figure 7 and Figure 6.
Both match the radiation temperature well during the
first 5 ns, and only when the laser pulse flattens do the
models diverge significantly in the same way as shown in
the flux plots in Figure 5. It should be noted that the
simulations post-processed to create a synthetic Dante
143◦-274◦ flux, plotted in Figure 5 are calculated by in-
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FIG. 8. Internal hohlraum temperature calculated using the
polynomial fit to the LEH emission data compared to the
internal temperature calculated by NYM and LASNEX from
the same simulations as shown in Figure 5.

tegrating the flux between 0 and 13000 eV, while the
temperatures shown in Figure 8, are extracted directly
from the simulation and averaged over the region inside
the hohlraum. Although both appear to diverge outside
of the 1σ error bar plotted on the measured tempera-
ture, the maximum difference between either the simu-
lation and the temperature inferred from the data is 10
eV. Based on the data in Figure 7, the closure of the
LEH or decrease in the size of the emission region only
begins after about 5 ns, and not during the initial ramp
in the laser pulse. It is therefore most probable that
the differences between data and simulations in inferred
temperature and flux are related to the way that the mo-
tion of the plasma at the LEH is simulated and how this
affects the amount of high density Au plasma that inter-
acts directly with the laser pulse since it is the fraction
of higher energy (>1.8 keV) radiation that is least well
predicted by the simulations.

It is important to understand how the hohlraum ener-
getics change as a function of laser energy since the ra-
diation transport through the aerogel layer is a sensitive
function of hohlraum temperature. Integrating the mea-
sured x-ray flux over time we calculate the x-ray energy
per unit solid angle emitted through the LEH. Figure
9 shows this plotted against the 351 nm drive diagnos-
tic (DrD) laser calorimeters that measured the laser en-
ergy directed into the hohlraum on 20 beamlines for each
shot. Simulations performed in LASNEX indicate that
the radiant x-ray energy per steradian emitted from the

FIG. 9. Integrated x-ray energy emitted through the
hohlraum LEH as a function of the incident laser energy com-
pared to the trend from LASNEX simulations. Random error
bars are plotted: 5% for Dante measured x-ray energy, and
0.5% for laser energy.

hohlraum is 15.6% of the incident laser energy scaling lin-
early. Comparatively, a simple linear fit to the measured
data shows that approximately 6% more energy per unit
solid angle, or 16.5%, is emitted through the LEH than
in the simulations as expected from the plots in Figure
5(a). While the absolute energy is unsurprisingly differ-
ent to simulations based on the results in Figure 5, it
is clear that the trend expected from the simulations is
reproduced to within 1%.

It is well-understood that any stimulated Raman
(SRS) or Brillouin scattering (SBS) occurring in the coro-
nal LEH plasma can decrease the laser energy that enters
the hohlraum resulting in a decrease in hohlraum tem-
perature. So to quantify the amount of backscattered en-
ergy, measurements of the SRS and SBS light were made
on a number of shots using the full-aperture backscat-
ter system (FABS) and near-backscatter imager (NBI)
in beamlines 31B and 36B at 30◦ and 50◦.28 These mea-
surements found less than 0.01% backscatter at 30◦ (0.8
J), and <0.02% at 50◦ (3.1 J) confirming that more than
99% of the incident 351 nm laser energy is absorbed in
the halfraum.

In brief summary, simulations of the x-ray flux mea-
sured by Dante 143◦-274◦ using both NYM and LASNEX
with a variety of atomic physics models seem to consis-
tently over-predict the harder x-ray (>1.8 keV) emission
attributed to the laser spots directly heating Au plasma,
but under-predict the total x-ray flux emitted from the
hohlraum LEH. However, when measurements of the spa-
tial distribution of thermal 900eV x-ray emission from the
LEH are applied to the measured flux the resulting inter-
nal hohlraum temperature is within 1-2σ of the predicted
hohlraum temperature. This somewhat inconsistent pic-
ture is likely indicative of the limitations of (a) measuring
the x-ray-flux at a single angle and assuming a Lamber-
tian source, and (b) measuring the spatial uniformity of
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the emission at a different angle to the flux measurement.

IV. CONSTRAINING TA2O5 AEROGEL MATERIAL
PROPERTIES

Accurate interpretation of all high energy density ex-
periments requires constraining measurements of the ma-
terial properties involved. In these experiments we con-
strain the equation of state and opacity of the Ta2O5

aerogel by diagnosing the shock and subsonic heat wave
propagation through a uniform aerogel layer. Owing to
the different dependencies of the shock and subsonic heat
wave velocity on internal energy ε and Rosseland mean
opacity κ, measurements of the shock and heat wave ar-
rival time essentially form two simultaneous equations
that can be used to independently constrain ε and κ.

The dependencies of the shock and heat wave on ε
and κ can be understood by examining a textbook treat-
ment of the problem. Hammer & Rosen found that by
parameterizing κ and ε, as power-law functions of tem-
perature and density, and restating the equation in terms
of the mass variable m =

∫
ρdx, where ρ is density, the

problem becomes self-similar and a consistent solution for
the ablated mass can be found for any power-law depen-
dence of x-ray drive temperature as a function of time,
T (t) = T0t

k.29 This subsonic heat wave propagation the-
ory was extended by MacLaren et al. to account for the
rarefaction that forms once the shock has broken out of
the rear surface.30 The effect of the rarefication is to en-
able the Marshak wave to travel significantly faster, due
to the rarefied density, arriving at the back surface earlier
than the infinite-slab analysis of Hammer & Rosen would
predict. We summarize their results for our particular
case of Ta2O5 which, after the rarefaction correction by
MacLaren, show that the subsonic Marshak wave arrival
time has the following dependencies:

tbt ∝
(
ε0.430 κ0.430 ρ0z

T 2.76
0

)0.86

(2)

where t is time, ρ0 is the initial aerogel density and z
is the slab thickness. ε0 and κ0 result from the param-
eterization of the internal energy and Rosseland mean
opacity: 1

κ = 1
κ0
Tαρ−λ, ε = ε0T

βρ−µ.
The shock velocity can be calculated from the Rankine-

Hugoniot shock relations and ablation pressure: Ushk =√
2

(γ+1)
Pabl

ρ where γ is the adiabatic index. Hammer

& Rosen present a detailed analytical derivation for the
dependence of ablation pressure on the parameterized
opacity and equation of state for a subsonic Marshak
wave, the results of which are shown in Equation 3. The
weak dependence of shock velocity on equation of state
can be understood from simple dimensional considera-
tions equating the flux absorbed within one optical depth
(σT 4/ρκx) with the ablation pressure multiplied by the

sound speed Pabl
√

(γ − 1)ε and solving for ablation pres-
sure. The position of the heat front determines the vol-
ume of heated material behind the shock. As shown by
Hammer and Rosen this is dependent on the inverse root
of opacity and equation of state, and so in this simple
approximation cancels with the

√
ε in the expression for

sound speed leaving the ablation pressure dependent only
on κ−0.5. Following the more detailed analysis by Ham-
mer & Rosen and fitting the Ta2O5 opacity and equation
of state yields the dependence of shock front arrival time:

tshk ∝
(
κ0.430 ρ0z

2

ε0.130 T 2.76
0

)0.42

(3)

Examining equations 2 and 3 it is seen that since the
arrival time of the shock is primarily dependent on the
opacity κ0 while the Marshak wave arrival time is depen-
dent equally on the opacity and internal energy terms so
used in conjunction ε and κ can both be constrained.

We measure tshk and tbt and compare directly with
post-shot simulations tuning the opacity and equation of
state to match the experimental data under the specific
temperatures and densities we investigate. Re-arranging
equations 2 and 3 to express the opacity and internal
energy in terms of the other parameters, and then com-
bining in quadrature the uncertainty contributions from
the diagnostic timing (∼ 50 ps), halfraum drive tempera-
ture (2%), and aerogel thickness (1%) and density (1%),
it can be shown that the κ and ε can be constrained in a
self-consistent manner to 16% and 22% respectively.

Measurements of tshk and tbt were made by measuring
the x-ray flux emitted by the rear surface. To make these
measurements the calorimeter halfraum shown in Figure
1 was removed, and a truncated 9 ns version of the laser
pulse described in figure 3 was used to produce a 210 eV
peak drive temperature measured through the hohlraum
LEH. The soft x-ray emission was measured using the
Dante soft x-ray power diagnostic positioned at (θ − φ)
= (64◦-350◦), which has a view-angle of 64◦ to the normal
of the aerogel surface.

This was configured to measure x-ray energy bands
from 50 to 1000 eV, appropriate to accurately measure
the cool <50 eV temperature emission from the Marshak
wave as it breaks out of the aerogel surface. Nine mea-
surements are made at different photon energies using
identically configured x-ray diodes on two separate laser
shots; the x-ray diode configurations including the full-
width at half maximum (FWHM) of the gaussian fits to
the response function are shown in Table I.

The low-temperature radiation (∼ 10 eV) emitted by
the shock arrival is visible only in the lowest energy chan-
nel, plotted in Figure 10. A consistent shock arrival time
of 4.00 ± 0.15 ns is measured on both shots. Once the
shock breaks out the rear surface of the aerogel, the sur-
face begins to expand and rarefy, cooling somewhat and
emitting less radiation until the arrival of the Marshak
wave that can be seen at between 7.5 and 8.5 ns. The
presence of water in the aerogel is observed in the Mar-
shak wave arrival time. Post-shot LASNEX simulations
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TABLE I. Dante 64◦-350◦ diagnostic configuration for Mar-
shak wave arrival time measurements, enabling absolute soft
x-ray flux measurements in energy bands from 50-1000 eV.

Filter Mirror X-Ray Diode Peak FWHM
Cathode Energy (eV)
Material (eV)

Al 0.75 µm 7◦ B4C Cr 50 30
Si 1.0 µm 7◦ B4C Cr 70 40
B 0.2 µma 5◦ C Al 140 60
Lexan 2.0 µm 3.5◦ SiO2 Al 230 70
Ti 1.0 µm - Al 390 60
V 1.0 µm 2.5◦ SiO2 Ni 450 80
Co 1.0 µm - Cr 700 80
Cu 1.2 µm - Cr 820 140
Zn 1.3 µma - Ni 940 100

a filter is supported by a substrate of 0.4 µm CH.

of shot N090730 are post-processed to calculate the volt-
age predicted for the 0.75 µm Al channel and shown in in
Figure 10. Simulations using LEOS 2280 without water
predict the sharp rise indicating the heat front arrival at
approx. 7 ns about 600 ps earlier than the data. Only
once 5% (by weight) water content is included, which is
within the error bar of the measured 4.4±1.7% water, is
a good match between the simulation and data achieved.

The unfolded x-ray flux emitted as the Marshak wave
burns through the aerogel is shown in Figure 11. Pre-
shot density characterization indicated that the aerogel
on both shots was 535 mg/cc - an equivalent optical
depth to 5 µm of solid density Ta. The laser energy
incident into the hohlraum on the two shots was 237.7
± 1.4 kJ for N090730 and 239.1 ± 6.3 kJ for N091201,
the larger error bar on the second shot being a result
of increased degradation of the disposable debris shields
which leads to greater uncertainty in the laser energy
reaching the target. Therefore within the error bars the
laser energy for the two shots is the same, however the x-
ray flux measured by the Dante 143◦-274◦ indicates that
the integrated energy leaving the hohlraum through the
LEH was 123.4 ± 6.2 kJ on N090730 and 114.4 ± 5.7
kJ on N091201. This 7.4 ± 3.0% decrease implies that
the degraded transmission of the debris shields actually
resulted in a lower laser drive on N091201 than indicated
by the calorimeter measurements. Equation 2 tells us
that the burnthrough time is proportional to 1/T 2.37 and
therefore a 1% decrease in drive temperature corresponds
to a 2.37% increase in the burnthrough time. Since the
hohlraum x-ray flux is proportional to σT 4, a 2.37% ear-
lier burnthrough time would be expected for a 4% in-
crease in the measured x-ray energy in the hohlraum.
The 4.7±3.6% later arrival of the radiation heat front at
8.90± 0.15 ns on shot N091201 compared to 8.50± 0.15
ns on shot N090730 is therefore consistent with the de-
graded x-ray drive on N091201.

The planarity of the heat front was assessed through
soft x-ray (<1 keV) time-gated images of the aerogel self-
emission as the Marshak wave broke out. In a similar

0.01	
  

0.1	
  

1	
  

2	
   3	
   4	
   5	
   6	
   7	
   8	
   9	
  

Si
gn
al
	
  (V

)	
  

Time	
  (ns)	
  
LEOS	
  2280	
  no	
  water	
   LEOS	
  2280	
  5%	
  water	
  

Ta2O5	
  Burnthrough	
  -­‐	
  N091201	
   Ta2O5	
  Burnthrough	
  -­‐	
  N090730	
  

FIG. 10. Signal from the 50 eV (0.75 µm Al) Dante channel
for the two 150 µm thick 535 mg/cc burnthrough shots. The
shock breakout is visible in the Ta2O5 shots at 4.0 ±0.15
ns. Post shot simulations for N090730 using the LEOS 2280
equation of state table for Ta2O5 are plotted in green, and
must account for water present in the aerogel to agree with
the data.

FIG. 11. X-ray flux emitted by the arriving heat front as it
burns through the Ta2O5 aerogel; the delay in burnthrough
emission for N091201 is explained by the degraded x-ray drive.

way to the LEH images shown in Figure 7, a 3◦ Nickel
mirror and a light-tight 0.75 µm Aluminum filter coated
onto 1.0 µm Parylene-N, are used to limit the spectral re-
sponse of the image to an approximate Gaussian centred
at 660 eV and with a full-width at half maximum of 250
eV. This mirror-filter selection was combined with a 1.0x
magnification pinhole-camera and coupled to a gated x-
ray detector to form an imaging system with resolution
100 µm.27 A partial image is shown together with the
pre-shot Xradia characterisation of the aerogel in Figure
12. It is clear from the radiograph that there are circu-
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lar grooves that most likely originate from the machin-
ing process at varying radii through the aerogel. This
has an effect on both the shock arriving at the rear sur-
face and the radiation heat front. In detailed sub-scale
NYM simulations of the aerogel that include the porous
structure, no change in tshk is observed, but a consider-
able decrease in the overall brightness of the shock front
is seen compared to simulations that assume that the
aerogel is a homogenous, low density medium - in good
agreement with the results in Figure 10 This also tends
to explain the heat front structure seen in Figure 12(b).
Once the shock exits the rear surface the aerogel is ac-
celerated, and this interface becomes classically unstable
to the Rayleigh-Taylor instability.32 In the frame of the
plasma being accelerated and unloading from the rear-
surface of the aerogel, the comparatively high-density
aerogel is “sitting on top of” the lower density ablated
material expanding into the vacuum.

The growth rate competition of the density pertur-
bations of different wavelength is an extensively stud-
ied topic and it is well-described that under ablative
conditions the net growth factor is reduced by the flow
across the interface. The subsonic Marshak wave that we
describe here creates equivalent ablative-like conditions
once the shock breaks out from the rear surface.33 At
this time the direction of flow at the rear surface is away
from the material interface creating conditions stabilizing
to perturbations. The net reduction in growth rate due
to the ablation is most pronounced for the shortest wave-
lengths, so perturbations <1 µm (of order the cell size of
the aerogel) are stabilized and the longer wavelengths due
to machining of the aerogel become dominant. Therefore
by the time the heat front reaches the rear surface the
larger machining perturbations remain as evidenced by
the soft x-ray emission in Figure 12(b).

In brief summary we have shown how we can constrain
the internal energy and opacity of Ta2O5 by measuring
the arrival of the shock and subsonic heat front that re-
sults from being heated by the hohlraum described in III.
Measurements of the heat front arrival time show this is
dependent on accounting for the water present in the
aerogel. Soft x-ray imaging helps to explain the reduced
brightness of the shock due to the small-scale structure
of the aerogel.

V. CALORIMETER HALFRAUM MEASUREMENTS

Slots were cut into the Ta2O5 aerogel to study energy
transport through 3D and approximately 2D structures
and investigate the scaling of energy transport with slot
area. The slots were area-matched with identical widths
of 200 µm and 400 µm, details of the 2D and 3D slot ge-
ometries, which we label “3-smile” and “2-Y”, are shown
in Figure 13.

The calorimeter halfraum placed on top of the aero-
gel angularly integrates the energy transported through
the slots and by measuring the re-emission of the hal-

FIG. 12. (a) pre-shot Xradia radiograph (>10 keV) of the
Ta2O5 aerogel from shot N091201 (b) a 660 eV image of the
heat front arrival at 8.65 ns.

fraum using the Dante 64◦-350◦ >85% of the 2π emission
from the aerogel surface is captured. The spectral cover-
age of the instrument measured >90% of the flux emit-
ted from the calorimeter. Since the energy transported
through the slots in the Ta2O5 aerogel is re-emitted by
the Au calorimeter, the flux measured by the Dante 64◦-
350◦ (Fcal) is dependent on both the radiation trans-
ported through the slots (Fslot), the ratio of re-emitted
to absorbed flux in the Au or Au albedo (αAu), and the
calorimeter hole area, Ahole. Assuming a Lambertian
or cosine dependence for the angular emission, the flux
emitted from the calorimeter halfraum can be described
by:

Fcal

[
GW

Sr

]
= αAu(T )Fslot

[
GW

cm2.Sr

]
Ahole[cm

2]cos(64◦)

(4)
Jones et al. have measured the low-temperature (∼

70 eV) albedo of Au. The results they present are in
good agreement with LASNEX simulations and have an
uncertainty of 11%.34 The Au calorimeter halfraum we
describe here spends a significant time at temperatures
below 70 eV, and no data exists under these conditions.
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FIG. 13. 2D and 3D slot patterns (shown in grey) machined
into the Ta2O5 aerogel substrate. All dimensions are in de-
grees and mm.

Furthermore, the albedo is a path-dependent variable,
and therefore the albedo experienced at a specific time
in these calorimeter halfraum experiments is dependent
on the temperature evolution of the calorimeter halfraum
wall up to that time. Experiments are planned to investi-
gate this more carefully and will be the subject of future
publications.

Important to all these measurements is the error bar
assessment of the Dante 64◦-350◦ measurement at low
flux. Here we discuss the relative and absolute error bars
separately. For direct comparisons between two exper-
iments only the relative error bars are important since
the configuration of electrical attenuators, serialized fil-
ters, mirrors and X-ray diodes used in the Dante 64◦-350◦

was carefully controlled. For example, for shots compar-
ing the 400 µm 2-Y and 400 µm 3-Smile targets, identical
Dante 64◦-350◦ components were used. Conversely for
comparison between the data and post-shot simulations
it is the absolute error that is important, and so it is nec-
essary for the calibration data of all the components to
be taken into account.

Analysis of the relative error bars is focused mainly on
the electrical error in the measured voltages included in
the flux unfold. As has been shown elsewhere the flux
unfold iterates to match the measured voltages identi-
cally, and so for relative shot-to-shot comparisons intro-
duces <1% uncertainty.35 The electrical noise floor for
the Dante 64◦-350◦ is 1σ = 15 mV. Analysis of the typical
voltages measured for this configuration, which incorpo-
rates multiple measurements from the different channels
on each shot, demonstrates that the relative error bar
due to electrical noise is <1% for fluxes >3 GW/Sr. The

FIG. 14. Absolute error model for the calorimeter x-ray flux
Dante measurements. The calculated root-sum errors for 1,
3, 4, 6, 8, 9 and 10 participating channels are plotted in blue
with a functional fit in green y = exp(−1.8ln(x)3.65) + 0.06.

cross-timing of the multiple channels also affects the un-
folded flux, and this has been demonstrated to be <0.1
ns over a 20 ns window or ∼ 0.5%.

The absolute error is quantified by accounting for the
calibration of all the individual components. X-ray fil-
ters, grazing incidence mirrors, x-ray diodes, signal ca-
bles, electrical attenuators, and oscilloscopes are care-
fully calibrated, referenced, tracked and archived for each
shot. X-ray calibration of the individual components is
performed at the NSLS.14 X-ray filter transmission is
measured to better than ± 1%. Re-use of thin (few-µm)
filters results in the gradual accumulation of debris sites -
small ∼ µm-sized punctures in the filter - from the solid-
density debris particles that are created by the energetic
laser-target interaction. The use of multiple filters on
one channel somewhat mitigates the effect of these de-
bris sites since, once re-assembled, pinholes in multiple
filters are unlikely to realign. All of these factors result in
a combined uncertainty in the filter response for photon
energies < 1000 eV of 4-5%. The x-ray mirrors, depend-
ing on the grazing incidence angle, have an uncertainty in
the reflectance of between ± 2 and 15%. The largest un-
certainty component results from the uncertainty in the
absolute sensitivity of the x-ray diodes. At the lowest
photon energy measureable at NSLS (50 eV) this error
is almost 20%, falling to less than 5% for photon en-
ergies above 500 eV. This is primarily dictated by the
ability to self-calibrate the Si photo-diodes used at NSLS
to provide a secondary standard. Finally, the aging of
components, and change in sensitivity due to contamina-
tion products is estimated as approx. 8% based on over
a decade of experience and re-calibration of used compo-
nents. These uncertainties are assessed for each channel
used in the measurement of the x-ray flux, and then the
root-sum square divided by the square-root of the num-
ber of channels used in the flux unfold is assessed as the
total 1σ flux uncertainty. As the x-ray flux increases a
measurable signal is obtained on an increasing number
of channels. This increased number of channels used to
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FIG. 15. Simulated radiographs of the evolving density struc-
ture inside the slots for the 3-smile and 2-Y patterns at 2ns
(a) and (d), 4ns (b) and (e) and 6ns (c) and (f).

unfold the x-ray flux results in an overal decrease in the
total uncertainty in x-ray flux. The discrete increases
are shown as the blue points in Figure 14 together with
a functional fit in green used to transcribe the error bars
onto plots of the measured x-ray flux.

In brief summary, combining the uncertainty in the
low-temperature Au albedo (11%) in quadrature with
that of the Dante flux measurements indicates that at the
lowest flux we can measure from the calorimeter halfraum
(0.5GW/Sr - equivalent to a 30eV radiation temperature
assuming our 2.0 mm calorimeter hole), we expect the 1σ
uncertainty in the energy transported through the Ta2O5

aerogel to be 15%.

When the aerogel slot is first heated a shock begins to
propagate into the material at the inside of the slot and
for the first 3 ns radiation free-streams through the slot
as the walls of the slot are ablated and the slot fills with
plasma. Eventually (at about 6 ns for the 400 µm slots)
the plasma ablating from the walls of the slots collides
and stagnates creating the “N N” density structure across
the width of the slot with shocks propagating into the
undisturbed aerogel backed by a lower density ablation
region and then a high density stagnation. This is termed
an “N-wave” based on the similarity in conditions to the
common solution to Burgers equation for two shocks with
opposite phase15. As can be seen in the simulated radio-
graphs in Figure 15(a) - (c), this density pattern forms
slightly offset from center in the annular slots due to the
different circumference of the inner and outer edge of the
slot. Since the ablation rate is the same from the inner
and outer slot edge, the stagnation forms slightly closer
to the smaller radius slot-edge where the pressure of the
two ablating plasmas balance; the streaked radiography
experiments described by Cooper et al. demonstrate this
fact.9

The curvature at the end of each slot results in an in-

teresting stagnation and “bubble” formation that can be
seen in Figure 15(c) and (f). This occurs where the abla-
tion perpendicular to the edge of the slot inside surface
quickly stagnates at the “focus” of the slot end and ow-
ing to the higher pressure of ablation from the slot-end
launches a blast-wave like feature along the central stag-
nation which is followed by a low density bubble. These
end-effects introduce a perturbation to the 2D cylindri-
cal interaction that occurs along the remainder of the
slot, and so the number of ends (6) was kept the same
between the area-matched 2D “3-smile” targets the 3D
“2-Y” targets to minimise the effect of this perturbation.
The initial slot open area was characterized using the
Xradia radiographs to ± 0.001 mm2.

At the center of each ‘Y’ pattern the evolution of the
plasma is different again due to the triangular region,
where the three legs of each ‘Y’ pattern intersect. Here
there are three opposing flows as ablated plasma moves
away from the higher density plasma in each leg towards
the center of the pattern. As can be seen in Figure 15(d) -
(f) the larger distance from the edge to the center in this
triangular intersection region results in a stagnation at
the center of the Y with lower density, and surrounding
the stagnation a lower average density in the triangular
intersection that is predicted to allow more energy to
flow from the hohlraum into the calorimeter halfraum.
The two equilateral intersection triangles of the pre-shot
target form 10.5% of the total slot area for the 400 µm
2-Y and 3.8% of the area for the 200 µm 2-Y.

The x-ray flux measured by the Dante 64◦-350◦ is pri-
marily compared to post-shot simulations, but it is also
of interest to be able to measure the relative enhance-
ment in radiation transported through different slot ge-
ometries. However, to make A-B comparisons between
two shots and, for example, calculate the measured frac-
tion increase in energy transported into the calorimeter
for the 2-Y target compared to the 3-Smile, it is neces-
sary to understand the dependence of the energy trans-
port through the slot on the aerogel density and the laser
energy. Equation 5 shows how the x-ray flux is corrected
for the small differences in the measured laser energy,
Emeas, measured aerogel density, ρmeas, and the back-
ground x-ray flux, Fbg (defined below) on two separate
shots.

Fcorr =

(
Fmeas −

FbgEmeas
Ebg

) Cdrive

(
Enorm

Emeas
− 1
)

+ 1

Cρ

(
ρnorm

ρmeas
− 1
)

+ 1

(5)
Cdrive and Cρ are scale-factors on the laser energy and

aerogel density necessary to be able to compare mea-
surements from separate shots and thereby determine a
relative increase or decrease in the x-ray flux transported
through the slot pattern. Enorm, Emeas and Ebg are the
laser energy normalised to (370 kJ), the laser energy mea-
sured on each shot and the laser energy on the shots used
to measure the x-ray background; similarly ρnorm and
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ρmeas are the aerogel density normalised to (500 mg/cc)
and that of individual shots. Both scale factors were de-
termined from a suite of LASNEX simulations. Cdrive is
found to be 1.5 for the 400 µm slots and 2.6 for 200 µm
slots, while Cρ= 2.0. The reason behind these scalings
with drive energy and density can be, to some degree,
understood through consideration of a simple physical
argument which we describe in more detail in the Ap-
pendix.

Fbg was determined from two dedicated shots N110220-
002-999 and N110306-001-999, which bracketed in date
the other data presented here. On these shots the hole
in the calorimeter halfraum was covered from the inside
with a tight fitting 50 µm Au foil so none of the emis-
sion measured by Dante 64◦-350◦ originated from inside
the calorimeter. The background signal is a result of a
number of external x-ray sources. Two such sources in-
clude: x-ray emission from the outside of the hohlraum
created by scattered 351 nm laser light that results from
debris on the disposable debris shield (DDS) in the fi-
nal optics assembly (FOA), and plasma emission formed
by the low intensity (<10 12 Wcm−2) interaction of 527
nm unconverted light striking the Si support ring and
stalk. This background was minimized by careful de-
sign of the target stalk to minimize emission in the line-
of-sight of Dante 64◦-350◦, and utilizing previously un-
used DDSs at the beginning of the campaign to minimize
light-scatter from debris sites. The Dante 64◦-350◦ back-
ground, shown in Figure 16, was measured to be at most
20% of the smallest measured calorimeter flux (200 µm
3-Smile), while the standard deviation of the two mea-
surements, once corrected for variation in laser energy, is
less than the Dante 64◦-350◦) measurement uncertainty
at all times. Consequently shot-to-shot fluctuations in
the background are below the measurement threshold
and the measured x-ray background can be subtracted
from each shot and only introduce an additional 1.5-2.5
% uncertainty in Fcorr for the 400 µm and 200µm targets
respectively.

The background corrected x-ray flux measured from
the calorimeter halfraum for the four types of 2D and 3D
targets are shown in Figure 17. The experiments study-
ing the transport through 400 µm slots were performed
using the same truncated 9 ns laser pulse as used in the
IV. Different stages of slot closure can be seen in the
data: an initial free-streaming phase until approx. 6 ns,
during which the flux monotonically increases following
the rise in flux in the drive hohlraum, followed by an in-
flection in the flux transported into the calorimeter hal-
fraum due to the increased densification in the slot when
the ablating plasmas stagnate. After this point, there is
a significant number of optical depths ∼ 10 of material in
the slot and the transport becomes dominantly diffusive,
following a more linear increase in flux emission before
the arrival of the Marshak wave at approximately 10.5
ns when the aerogel burns through.

In Figure 17(a) the 200 µm 3-smile and 2-Y targets are
compared and the ratio plotted on the right-hand axis.

FIG. 16. Comparison between the two background shots
taken at the beginning and end of the series of experiments
to characterize the Dante 64◦-350◦ x-ray background due to
other x-ray sources external to the calorimeter hohlraum. The
standard deviation of the two laser energy-normalized back-
ground results is less than the measurement uncertainty (7%
for flux ¿ 6 GW/Sr) at all times between the two shots.

The ratio error bars reflect the relative uncertainties and
do not include the errors due to calibration of compo-
nents, where multiple measurements are available the av-
erage of the two is used in calculation of the ratio. This
shows that for the 200 µm slot, there is a 7-9% enhance-
ment in the radiation transported into the calorimeter
once the transport is primarily diffusive (from 6-10 ns)
due to the 3D intersection of the two 2-Y features. Com-
paratively, calorimeter hohlraum emission for the 400 µm
slots is shown in Figure 17(b). The enhancement shown
here is 12-15%. The large 1.2-1.25 ratio during the free-
streaming phase (before 4 ns) is somewhat unexpected
since the slot areas are matched. However during this
early free-streaming phase, before the slots or calorimeter
halfraum has begun to fill, the calorimeter halfraum wall
of the 3D “2-Y” target has a greater view through the in-
tersection of the laser spots interacting with the Au wall
of the driven hohlraum, amplifying the radiation trans-
ported through the slots during the early free-streaming
phase.

3D simulations were performed using the radiation
hydrodynamics code KULL and using the opacity and
LEOS 2280 equation of state models that account for the
measured water content.37 Figure 18 shows the drive and
density corrected flux averaged where more than one shot
exists, and in thin-lines, the simulations. The ratio of the
simulations is plotted in green open circles. Since the
data is compared to the simulations in an absolute sense,
the error bars shown reflect the absolute calibration data,
and are ± 5% for flux >30 GW/Sr. The simulations are
in good agreement with the data, agreeing within the er-
ror bars for t<4.5 ns. At times beyond this, the simula-
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FIG. 17. (a) Background corrected calorimeter halfraum x-
ray flux measured from targets with Ta2O5 aerogels machined
with 200 µm slots; the ratio of 2-Y:3-Smile results are shown
in green. Thick and thin lines represent data from separate
repeat shots. (b) Background corrected calorimeter halfraum
flux for 400 µm slots showing the enhanced radiation trans-
port from the halfraum to the calorimeter through the 3D 2-Y
target.

FIG. 18. Enhanced radiation transport through the 3D (2-Y)
target compared with the more 2D (3-Smile) target. KULL
simulations are compared with the measured calorimeter hal-
fraum x-ray signal from two measurements of the 400 µm
3-Smile target and a single measurement of the 2-Y target.
The absolute flux from simulations is slightly outside of the
1σ error bar, but the simulated flux ratio during the diffusive
phase is in good agreement with the measurements.

tions under-predict the flux transported through into the
calorimeter by up to 15% or 3σ at 8.5 ns. Integrating the
x-ray flux in time shows that both for the 2-Y and 3-Smile
target, the simulations under-predict the absolute energy
emitted by the calorimeter by 11 ±1%. Contrary to this
mis-match between the simulation and data, the ratio of
the 400 µm 2-Y and 3-smile simulations agree with the
data within the measured error bars during the diffusive
phase (t>5 ns) indicating that the way that the 3D in-
tersection changes the diffusive energy transport is well-
understood in the model. Interestingly the ratio during
the free-streaming phase is somewhat under-predicted by
the simulations.

FIG. 19. Radiation transport through the 400 µm slot 2D
(3-Smile) target measured on two shots, and compared to
the equivalent 200 µm 2D target. The measured increase in
flux transported through the 400 /mum compared to the 200
/mum target is well-matched by the simulations as shown by
the plotted ratios.

The difference in energy transport between a 200 µm
and 400 µm annular slot is shown in Figure 19. This
highlights some of the non-linear behaviour of the slot
closure. The ratio of the initial open area of the slots
machined in to the Ta2O5 aerogel indicates that 1.45x
more radiation would be transported through the 400 µm
slot, than the 200 µm. Again the early-time behavior is
dominated by the direct line-of-sight view seen by the
calorimeter halfraum wall, which is well-simulated, but
results in a greater increase in the x-ray flux transported
at early-time than would be expected from a geometrical
argument alone.

VI. CONCLUSIONS

We present a suite of measurements characterizing for
the first time the hohlraum energetics, including radia-
tion temperature and x-ray flux emitted from the LEH
and x-radiation transport through a Ta2O5 layer, of a
3.65 x 5.0 mm hohlraum heated by a 370 kJ shaped
laser pulse. The hohlraum and laser pulse, designed to
create a power-law radiation temperature history at the
aerogel interface, has been shown reach a peak radiation
temperature of 240 ± 4 eV. Application of both time-
integrated and dynamic LEH diameter measurements to
correct the radiation temperature result in a good power-
law in time temperature evolution. Simulations of the in-
ternal hohlraum temperature are in good agreement with
this however some details, such as the flux of x-rays with
energy > 1.8keV, do not agree with the data.

Using this half-hohlraum platform, measurements of
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the shock and subsonic Marshak heat wave transit-time
through a 150 µm Ta2O5 aerogel layer are used to con-
strain the material internal energy and opacity of Ta2O5,
by application of the analytical analysis described in de-
tail by MacLaren et al..

Having constrained the material properties, we study
the energy transported through 2D and 3D slot patterns
machined into the aerogel providing a unique test-bed
for radiation hydrodynamics codes. In particular we test
the ability of the code to simulate the additional energy
transported diffusively through the 3D intersection re-
gion of a Y-shaped slot compared to the energy trans-
ported through a 2D annulus of equivalent area. The en-
ergy transported is measured using calorimeter halfraum
to capture > 90% solid angle and providing a highly con-
straining dataset. High fidelity 3D and 2D KULL simu-
lations of the absolute energy transported through the
slots compare favorably with the data being at worst
within 2σ of the measured flux. However of particular
significance is the simulated ratio of energy transported
through the 2D and 3D features of equivalent area pro-
vide an excellent match to the data during the diffusive
phase when plasma has filled the slot and the N-wave
density structure has formed.
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VIII. APPENDIX

The dependence of flux transported into the calorime-
ter halfraum with either aerogel density or laser energy
is important to understand if results from separate ex-
periments, which may have small differences in these pa-
rameters, are to be compared directly without involv-
ing simulations. Here we present a simple discussion of
how the scale factors Cdrive and Cρ can be determined
from dimensional considerations that helps to elucidate
the physical origin behind their values.

If we begin by considering that the only energy enter-
ing the calorimeter hohlraum is simply the time integral
of the x-ray flux from the laser-driven hohlraum trans-
mitted through the material filling the area of the slot,
then we find:

Ecal =

∫
σT (t)4

Aslot(t)

ρ(t)κR(T )z
dt (6)

where Aslot(t) is the time-dependent slot area, and
T (t) is the driven hohlraum temperature, ρ(t) is the aver-
age density in the slot, κR is the Rosseland mean opacity
and z is the thickness of the aerogel. The slot area in-
creases with time as the plasma is ablated away from the
inside edge, so the time-dependent slot area depends on
the position of the heat front travelling laterally into the
sides of the slot. Internal to the slot the we can estimate
the position of the ablative heat front (x), in he absence
of significant hydrodynamic motion, and for a constant
temperature drive:

x(t) ∝

√
σT 4t

ρ20κRε
(7)

where ρ0 is the density of the undisturbed aerogel. As-
suming that the slot radius is sufficiently large that radial
effects are small, the increase in area of the annular slot
can be approximated by3,8:

Aslot(t) ≈ 2πr0(w + 2x(t)) ∝ T 2

ρ0
(8)

where w is the initial slot width, and r0 is the initial
slot radius.

By performing a power-law fit of the Rosseland mean
opacity of the Ta2O5 as a function of temperature and
density we find that this scales primarily with only tem-
perature as:

κR(T ) ∝ 1

T 2
(9)

and so it can be shown that by inserting the depen-
dencies in equations 8 and 9 into equation 6, the energy
entering the calorimeter scales according to:

Ecal ∝
∫
σT (t)8

ρ20
dt (10)

since ρ(t) ∝ ρ. The x-ray flux lost from any driven
hohlraum into the wall or aerogel layer typically scales
with temperature according to Tn where 3<n<4,36 and
so by substituting all these dependencies into the expres-
sion for the flux leaving the calorimeter halfraum yields
the relationship:

Fcal = αAu(T )
dEcal
dt

Aholecos(64◦) ∝
F

8/n
drive

ρ2
(11)

where Fdrive is the hohlraum x-ray flux entering the
aerogel layer and αAu and Ahole are defined in equation
4. If we assume that small changes in energy entering
the calorimeter do not significantly affect the Au albedo
αAu, then considering these dependencies separately we
find the following approximate values for Cdrive and Cρ:
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Cdrive =
∂Fcal
∂Fdrive

≈ 8/n = 2.0− 2.7 (12)

Cρ =
∂Fcal
∂ρ

≈ 2 (13)

which are in relatively good agreement with the results
of the LASNEX simulations, which find Cdrive is 1.5 for
the 400 µm slots and 2.6 for 200 µm slots, while Cρ= 2.0.
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